This study is aimed at testing the hypothesis that sustained phosphorylation underlies long-term desensitization of AMPA receptors, which is thought to be the mechanism of long-term synaptic depression in cerebellar Purkinje cells (PCs). We induced long-term desensitization of AMPA receptors in rat cerebellar slices by (1) a 4-min bath application of quisqualate (0.1 mi) or (2) a 15-min bath application of a protein kinase C (PKC) activator, phorbol-12,13-diacetate (0.5 pm) or -dibutyrate (0.6 pi), followed by a 4-min AMPA (0
Introduction
Covalent modification in the form of phosphorylation of specific amino acid residues has become widely accepted as a mechanism of regulation of the function of many proteins (Greengard 1978; Krebs and Beavo 1979) . A substantial body of evidence has suggested that the modification of neurotransmitter receptor functions is also the result of phosphorylation (Huganir and Greengard 1990) . Particular interest has focused on ionotropic glutamate receptors (GluRs) because of their role in mediating major excitatory synaptic transmission in the central nervous system (Raymond et al. 1993a; Soderling et al. 1993; Roche et al. 1994) . The recent use of recombinant DNA methodology has resulted in the identification of a multiplicity of GluR subunits including those in N-methyl-n-aspartate (NMDA) receptors and ctamino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)/kainate receptors and has revealed the existence of consensus sequences for phosphorylation by a variety of protein kinases (for review, see Hollmann and Heinemann 1994) . Furthermore, direct phosphorylation of GIuR subunits has been documented, and potential roles of such phosphorylation have been investigated [i.e., Ser-684 of GluR6 (Wang et al. 1993; Raymond et al. 1993b ), Ser-627 of GluR1 (Yakel et al. 1995) , Ser-831 and Ser-845 of GluR1 (Roche et al. 1996) , and Ser-889/ 890 of NMDAR1A (Ehlers et al. 1995) ].
The following two lines of evidence obtained in cerebellar slice studies suggest that AMPA receptor phosphorylation is involved in induction of long-term depression (LTD), which is the sustained reduction of the efficacy of AMPA receptor-mediated parallel fiber (PlO-to-Purkinje cell (PC) synaptic transmission, elicited by conjunctive stimulation of PFs and climbing fibers (CFs) (Ito 1989) , and which in slice experiments is represented by reduction in initial slopes of the PF-evoked excitatory postsynaptic potentials (EPSPs) in PCs (Karachot et al. 1994) . First, LTD is blocked by a selective membrane-permeable inhibitor of protein kinase C (PKC), calphostin C, or of protein kinase G (PKG), KT5823 (Hartell 1994a) . Second, bath application of calyculin A (CAA) or infusion of microcystin-LR from intracellular recording electrodes, both of which are potent protein phosphatase-1 and -2A inhibitors, induces LTD-like depression, when combined with repetitive PF stimulation (Ajima and Ito 1995 ). An endogenous inhibitor of protein phosphatases 1 and 2A, G-substrate, which is activated by PKG-mediated phosphorylation, has been detected in PCs (Detre et al. 1984; Nairn et al. 1985) . Recently, two types of protein phosphatase catalytic subunits, types 1",/1 and 2A, were reported to be localized in both dendrites and somata of PC, type 1~/1 being especially abundant in dendritic spines (Hashikawa et al. 1995) .
For further correlation of AMPA receptor phosphorylation and LTD mechanisms, it is necessary to study functional changes in AMPA receptors associated with LTD. With this aim, various protocols of stimulating and recording for inducing and detecting depression of PC AMPA receptor function have been used. The responsiveness of PCs to ionotophoretically applied glutamate is reduced persistently when glutamate application is paired with CF stimulation (Ito et al. 1982) . Activation of PKC induces sustained depression of PC glutamate responsiveness in cerebellar slices (Crepel and Krupa 1988) . AMPA responsiveness of tissue-cultured PCs is persistently depressed by paired application of AMPA pulses and depolarization steps, and this depression is prevented by intraceUular perfusion of a PKC inhibitory peptide, PKC19_36 , or bath application of calphostin C (Linden and Connor 1991) . With the grease-gap recording technique, AMPA responses of PCs were represented by electrotonic currents flowing along PC axons. Because these responses were recorded in the presence of tetrodotoxin blocking Na § spikes and because the responses so recorded were preserved in the absence of Ca z+ ions where Ca z+ spike generation in PCs or release of transmitters from presynaptic terminals was prevented, these responses should represent currents directly associated with activation of PC AMPA receptors (Ito and Karachot 1990a,b, 1992) . It was thus found that sustained reduction of AMPA responsiveness occurred during perfusion with (1) 8-Br-cGMP (15 min) followed by AMPA (4 rain); (2) CAA (15 min) followed by AMPA (4 min); (3) a PKC activator (15 min) followed by AMPA (4 min); or (4) quisqualate (QA) (4 min). In protocol 4, QA is expected to activate both the AMPA receptors (GluR1-GIuR3) and mGluRloL (Sugiyama et al. 1989; Manzoni et al. 1990; Linden and Connor 1991; Masu et al. 1991; Fox and Gruol 1993) , which are colocalized in PC dendritic spines (Baude et al. 1994; Nusser et al. 1994) . In these protocols of chemical stimulation, sustained reduction of AMPA responsiveness is induced by the 4-min AMPA application when it is preceded by protein kinase activation, protein phosphatase inhibition or coincides with activation of metabotropic glutamate receptors, and hence, it essentially is long-term desensitization of AMPA receptors. LTD-like depression of PF-PC transmission can be induced by protocol 1 (K. Nakazawa, unpubl.), and a variety of pharmacological evidence indicates that long-term desensitization of AMPA receptors induced by chemical stimulation protocols involves the same signal transduction processes as LTD (see Discussion).
Previously, we raised an antibody against a peptide corresponding to part of the AMPA receptor subunit GIuR2 including serine 696 (Ser-696) and phosphorylated at this serine site (Nakazawa et al. 1995b ) and demonstrated that this antibody labeled PC dendrites when long-term desensitization was induced in rat cerebellar slices by the above protocols 1 and 2 (Nakazawa et al. 1995a ). However, protocol 3 failed to induce labeling of PC dendrites with the antibody, and protocol 4 was not tested. In this study, protocols 3 and 4 were tested, and their effectiveness in inducing sustained phosphorylation of AMPA receptors in PC dendrites was confirmed. The close parallelism thus demonstrated between sustained phosphorylation and long-term desensitization of PC AMPA receptors with all four of the protocols of chemical stimulation provides strong evidence that these two events are causally related. This is an important step in our attempt to elucidate signal transduction processes involved in LTD.
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Materials and Methods
We used the same polyclonal antibody (12P3) as was used in the previous study (Nakazawa et al. 1995a,b) . It was generated in a rabbit immunized with serine-phosphorylated peptide-12 corresponding to amino acids 690-701 of rat GIuR2
[peptide-12P: 69~ KGKYA 7~ and was obtained after extensive purification by peptide-affinity chromatography as described previously (Nakazawa et al. 1995b) . Antigenic specificity of 12P3 was examined using enzyme-linked immunosorbent assay (ELISA) plates, on which 12P3 reacted with peptide-12P but not with nonphosphorylated peptide-12. 12P3 immunoblots of cerebellar slice homogenates gave a single major band corresponding to the molecular masses of glycosylated AMPA receptor subunits (-105 kD; GluR1-GluR4; see Hollmann and Heinemann 1994) . 12P3 also recognized AMPA receptor subunits immunoprecipitated with an antibody recognizing the carboxy-terminal region of GluR2/3/4c on cerebellar slice homogenate immunoblots. Because the peptided 2 sequence from GluR2 is highly homologous to the corresponding sequences of GIuR1/3/4, 12P3 probably recognized all the AMPA receptor subunits phosphorylated. Nevertheless, a 12P3 band was much sharper than a broad band stained with anti-peptide-12 antibody that recognizes all the AMPA receptor subunits (GluR1-GluR4), indicating that subpopulations of cerebellar AMPA receptors are phosphorylated following GIuR agonist stimulation (Nakazawa et al. 1995a) .
Cerebella were dissected from male Wistar rats (190-250 grams, 6-8 weeks old; Japan SLC, Inc.) under ether anesthesia, and parasagittally cut through the vermis into 400 pm-thick slices in 0~ Krebs solution using a microslicer. Slices were immediately immersed in Krebs solution saturated with 95% 02/5% CO 2, placed on a nylon mesh, and incubated at 33-34~ for 40 min. Tetrodotoxin (TTX; Sankyo, Japan) at 0.5 ~IM was always added to the medium until fixation to avoid possible variations of the phosphorylation status of AMPA receptors owing to spontaneous activity. Slices in which the PC layer was not visible (probably damaged) were discarded. Each slice was then transferred to another chamber under the same conditions as before except that the following reagents were added to the incubation medium: (1) QA (0.1 mi; Sigma) for 4 min, or (2) phorbol-12,13-diacetate (PDA; 0.2 laM or 0.5 laM), 4-c~-phorbol-12,13-diacetate (4-oL-PDA; 0.5 gtM), or 4-[3-phorbol-12,13-dibutyrate (PDBu; 0.6 pM) for 15 rain and then AMPA (10 pM; Research Biochemicals, Inc.). These phorbol esters, obtained from LC Laboratories, were dissolved in dimethylsulfoxide (DMSO). A manifold in the lid of each chamber allowed continuous oxygenation of the slices. When needed, a membranepermeable Ca 2+ chelator, bis-(o-aminophenoxy)-ethane-N,N,N',N'-tetra-acetic acid tetra(acetoxymethyl) ester (BAPTA-AM), a nonselective protein kinase inhibitor, staurosporine (Sigma), or a selective PKC inhibitor, calphostin C (Kyowa Medex Co., Japan), was dissolved in DMSO and added to the incubation medium. The non-NMDA receptor competitive antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris Neuramin) dissolved in DMSO was also added during both the preincubation period and the QA treatment when needed but not during the postincubation period. The final concentration of DMSO in all the experiments was no more than 0.1% (vol/vol) . DMSO at these concentrations did not affect 12P3 immunoreactivity OR) (data not shown). A specific mGluR antagonist, (+)-ot-methyl-4-carboxyphenylglycine (MCPG; Tocris Neuramin; see Watkins and Collingridge 1994) , was bath applied during both the preincubation period and the QA treatment if necessary (but not during the postincubation period). After various durations of postincubation in Krebs/TTX solution that, if necessary, contained the same reagent as that applied before QA application, the slices were fLxed with 4% paraformaldehyde.
Crude membrane fractions from cerebellar slices untreated or treated with pharmacological agents were prepared for immunoprecipitation study as described previously (Nakazawa et al. 1995a) . In the present study, slices were homogenized 5 or 30 min after the cessation of a 4-min 0.1 mM QA bath application following a 40-min preincubation in Krebs/TTX solution. Untreated slices were homogenized 0, 9, or 34 min after the 40-min preincubation. Immunoprecipitation of GluR2/3/ 4c receptor subunits and immunoblot analysis were performed using the anti-carboxy-terminal region antibody as described previously (Nakazawa et al. 1995a ). This antibody, directed against a synthetic peptide from the carboxy-terminal region of GluR2 (EGYNVYGIESVKI, the difference in the carboxy-terminal 13-amino-acid-residue sequence in GIuR3 or GluR4c from this sequence is only 1 amino acid residue; see Gallo et al. 1992) was prepared as described Nakazawa et al. 1995a ). Anti-carboxy-terminal region antibody-GluR2/3/4c receptor complexes immuno-
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For immunohistochemistry, the fixed slices were further cut on a cryostat into parasagittal sections 18 ~m thick and processed for immunohistochemistry as described previously (Nakazawa et al. 1995a,b) . Briefly, the mounted sections were preincubated overnight at 4~ with 10% normal goat serum diluted with 0.1% Triton X-100, 0.1 m phosphate-buffered 0.9% saline (PBS), and then incubated overnight at 4~ with 12P3 (100 lag IgG/ml, 1:150 dilution), which had been preadsorbed with peptide-12 or peptide-12P (50 ng/ml) for 6 hr at room temperature, in 0.1% Triton X-100, 3% normal goat serum, and PBS. Subsequently, the sections were incubated for 2 hr at room temperature with biotinylated goat anti-rabbit IgG (Vector) diluted at 1:200. After washing, the sections were placed for 1 hr in a solution containing avidinbiotin-peroxidase complex (ABC; Vector) diluted 1:100, and the antibody 12P3 bound to tissues was visualized with 3,3'-diaminobenzidine tetrahydrochloride (DAB).
Results

QA-INDUCED SUSTAINED PHOSPHORYLATION OF IMMUNOPRECIPITATED AMPA RECEPTOR SUBUNITS
The crude membrane fraction of cerebellar slice homogenates was prepared after preincubation of the cerebellar slices and treatment under various conditions and was immunoprecipitated with an antibody against the carboxy-terminal region of rat GluR2/3/4c. It was apparent that these immunoprecipitates contained amounts of GluR2/ 3/4c comparable with each other, because they exhibited similar degrees of IR for the anti-carboxyterminal-region antibody in the molecular mass range of 98-105 kD corresponding to that for rat GluR1-GluR4 (see Hollmann and Heinemann 1994) (data not shown). The immunoprecipitates were then subjected to immunoblot analysis with 12P3 preadsorbed with peptide-12, as shown in Figure 1 . In the blots of the crude membrane fraction prepared from the cerebellar slices treated with O. 1 mM QA for 4 min following 40-min preincubation and homogenized 5 or 30 min thereafter, Figure 1 : Immunoprecipitation of phosphorylated cerebellar AMPA receptor subunits. AMPA receptor subunits, GluR2/3/4c, were immunoprecipitated with an antibody to their carboxy-terminal region (+Ab) from crude membrane fractions (40 pg each) of cerebellar slice homogenates and were subjected to immonublot analysis. Before homogenization, one of the slices was preincubated for 40 rain in Krebs/TTX solution and then was maintained in the same medium for 34 rnin without any treatment (lane 2). Another slice obtained from the same cerebellum and similarly preincubated was treated with a 4-rain bath application of QA and thereafter was maintained in the same medium for 5 min (lane 3) or 30 rain (lane 4) before homogenization. Crude membrane fraction without adding the anti-carboxy-terminal region antibody (-Ab) was also loaded (lane I). These lanes were irnmunostained with ] 2P3 preadsorbed with peptide-12. The receptor phosphorylation detected at an Mr of 105 kD (large arrow) was augmented following QA treatment. The high-molecular-mass bands at Mr of 220-230 kD (small arrow) in lanes 3 and 4 are unidentified, but they might be incompletely reduced complexes of AMPA receptors Puchalski et al. 1994 . The antibody to the carboxy-terminal region of GluR2/3/4c (open arrowhead) and a putative recombinant protein G (closed arrowhead) were visualized with BCIP/NBT by binding of alkaline phosphataseconjugated anti-rabbit (secondary) antibody. a band of 12P3 IR was detected at a position corresponding to the molecular mass of 105 kD (Fig.  1 , lane 3 or 4, large arrow). For the slices postincubated without QA treatment for 0 min, 9 min, or 34 min following a 40-min preincubation, this 105-kD 12P3-IR band was very faint (Fig. 1, lane 2 , obtained after 34-min postincubation). In Figure 1 ,
Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from the 105-kD band in lane 3 is 4.9 times denser and that in lane 4 is 5.3 times denser than the control band in lane 2. An additional band at a higher molecular mass near the origin of the gel was also intensified by the QA treatment (in lanes 3,4, indicated by a small arrow). This additonal band is similar to that reported previously to be generated upon treatment of slices with a cGMP plus AMPA protocol (Nakazawa et al. 1995a) and is considered to represent a heterooligomer of AMPA receptor subunits, which persists even after electrophoresis in the presence of SDS Puchalski et al. 1994 ). These results suggest that QA induces cerebellar AMPA receptor phosphorylation that is sustained for at least 30 min.
PERSISTENT AMPA RECEPTOR PHOSPHORYLATION IN PC DENDRITES INDUCED BY QA
The crude membrane fraction of cerebellar slice homogenates examined as shown in Figure 1 is expected to include membranes not only from PCs but also from other types of cells including granule cells, inhibitory interneurons, and Bergmann glia cells (Gallo et al. 1992; Martin et al. 1992; Petralia and Wenthold 1992; Baude et al. 1994) . However, the immunohistochemical study described below revealed that the QA-induced 12P3 IR was expressed predominantly in PCs. For this study, sections (18 pm) were prepared from fixed cerebellar slices following chemical stimulation and immunostained with the 12P3 preadsorbed with peptide-12 or peptide-12P. Sections obtained from slices (n = 13, the n value represents the number of slices examined, each prepared from a different rat) fixed after a 40-min preincubation in Krebs solution containing 0.5 ~M TTX showed faint 12P3 IR in PC somata and none in PC dendrites at the light microscopic level (Fig.  2a) . The somatic 12P3 IR was very weak but specific, based on the fact that the 12P3 IR was slightly decreased following preadsorption of 12P3 with peptide-12P.
In sections prepared from all slices derived from different rats examined immediately after stimulation with 0.1 mM QA for 4 rain, 12P3 IR was detected in PC dendrites and cell body cytoplasm (n = 12; Fig. 2b ). This 12P3 IR in PCs intensified rapidly within 2 min after the cessation of QA application (Fig. 2c) . A 1-min application of 0.1 mM QA was also effective in inducing PC dendritic 12P3 IR although to a lesser extent (n = 2; data not shown). The intensity of this IR reached a plateau level after 5 min (Fig. 2d) . Although the level of 12P3 IR varied among the different folia and the different slices, 12P3 IR was induced in the dendrites of at least 50% of the PCs, and >80% of the PC somata showed 12P3 IR at the light microscopic level per section. A small population (10%-30%) of interneuron somata such as those of stellate cells and Golgi cells showed QA-induced 12P3 IR in all the slices tested (n = 12). However, other cell types in the cerebellum, including granule cells and Bergmann glia cells, showed no 12P3 IR, indicating that QA-induced AMPA receptor phosphorylation occurs in a cell type-dependent manner and this 12P3-IR spatial distribution is the same as that observed after a 4-min AMPA application (Nakazawa et al. 1995a,b) .
12P3 IR in PC dendrites and somata induced by a 4-min QA application was sustained for >30 min in the slices tested (n = 12). Furthermore, four slices out of the six examined 1 hr after QA application showed strong dendritic 12P3 IR in >50% of the PCs (Fig. 2 , e and f, respectively). In contrast, the slices incubated for 1 hr without QA application showed almost no 12P3 IR (Fig. 2g) . The level of dendritic 12P3 IR 30 min after a 4-min QA application was almost the same as that 5 min after the application as shown in Figure 2 , d and e. A 1-min QA application (0.5 mi) also induced a lowlevel persistent dendritic IR, but this disappeared at the light microscopic level after 30 min (n = 2; data not shown). QA-induced 12P3 IR was largely eliminated by preadsorption of 12P3 with peptide-12P and by treatment of the slices with staurospofine (2 VtM), a potent, membrane-permeable, broadrange kinase inhibitor (Tamaoki 1991) , during slice incubation (n = 3; Fig. 2h ), indicating that QA-induced persistent 12P3 IR in PC dendrites is attributable to phosphorylation at GluR2 Ser-696 or homologous sites in GluR1/3 expressed in PCs. Because the AMPA-induced AMPA receptor phosphorylation in PC dendrites peaked at 5 min and disappeared within 20 min after AMPA application (Nakazawa et al. 1995a,b) , mGluRlot activation by QA is strongly implicated in the prolongation of AMPA receptor phosphorylation in PC dendrites.
SENSITIVITY OF 12P3 IR TO GLUTAMATE ANTAGONISTS, Ca 2+ CHELATOR AND KINASE INHIBITORS
& 582
The competitive non-NMDA receptor antagonist CNQX (10 pi) was added to the medium 15 min before and during QA application for testing for the involvement of activation of such receptors in the phosphorylation. CNQX treatment greatly reduced QA-induced 12P3 IR at all stages of postincubation in both PC dendrites and PC somata (n -3; Fig. 3a ). This result is consistent with our previous results showing that CNQX suppressed AMPA-induced AMPA receptor phosphorylation (Nakazawa et al. 1995a) , demonstrating that activation of AMPA receptors is necessary for agonistinduced phosphorylation.
The moderately potent mGluR antagonist MCPG (0.5 mM) Thomsen et al. 1994 ; for review, see Watkins and Collingridge 1994) was also added to the medium 15 min before and during the 4-min QA application. Although PCs also express mGluR7, which is negatively coupled to adenylyl cyclase (Okamoto et al. 1994) , MCPG probably has a QA-antagonizing effect only on mGluRlo~ in PCs because mGluR7 is not antagonized by MCPG (Saugstad et al. 1994 ). MCPG at 0.5 mM suppressed QA-induced 12P3 IR at 30 min but failed to suppress it at 5 min after QA application (n = 3; Fig. 3b,e) . Even at 1 mM, MCPG failed to suppress 12P3-IR induction at 5 min after QA application (n = 1; data not shown). These observations suggest that mGluRlot activation is required at the later phase of PC AMPA calphostin C (Calpho) was added to the medium during slice incubation. In each drug experiment, the slices derived from the same vermi were fixed 5 rain (a-d) or 30 min (e-g) after the QA application. Levels of IR of 12P3 preadsorbed with peptide-12 (12) or peptide-12P (12P) were compared in adjacent sections for each experiment. Bar, 100 pm. receptor phosphorylation but not at the early phase.
The mGluRloL stimulated by QA is coupled to phospholipase C, w h i c h cleaves the membrane lipid phosphatidylinositol-bisphosphate to yield inositol-l,4,5,-triphosphate and 1,2-diacylglycerol. The former induces release of Ca 2+ from nonmitochondrial internal stores, and the latter is a PKC activator (Nishizuka 1988; Manzoni et al. 1990 ; Aramori and Nakanishi 1992; for review, see Pin and Duvoisin 1995) . For further characterization of the intracellular signal transduction following mGluRlot activation, a membrane-permeable intracellular Ca 2+ chelator, BAPTA-AM, or a selective PKC inhibitor, calphostin C (Tamaoki 1991; IC50 for PKC -0.05 lai), was added to the m e d i u m during incubation. At 5 min after the cessation of QA application, 1 ~M BAPTA-AM caused a slight attenuation of the QA-induced 12P3 IR although it was still clearly observed at this early stage (n = 3; Fig. 3c) . A high dose (5 ~aM) of BAPTA-AM markedly diminished the QA-induced IR in PCs (n = 1; data not shown), whereas AMPAinduced transient 12P3 IR in PCs was not at all suppressed (Nakazawa et al. 1995b) , implying that 12P3 IR induced 5 min after QA application was more CaZ+-sensitive than AMPA-induced IR. Nevertheless, 2 ~aM calphostin C did not prevent phosphorylation at 5 min after application in all the slices tested (n = 3; Fig. 3d ), suggesting that PKC is not the only kinase involved in PC AMPA receptor phosphorylation shortly after QA application. This lack of inhibition of early AMPA receptor phosphorylation is also consistent with our earlier demonstration that 0.5 ~IM calphostin C has no effect on the transient 12P3 IR 5 min after AMPA
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In contrast, at 30 min after QA application, either reagent, 1 ~M BAPTA-AM (n = 3) or 2 /aM calphostin C (n = 2), clearly inhibited the sustained phosphorylation in PC dendrites (Fig. 3f, g ), suggesting that both Ca 2+ and PKC activity are necessary for QA-induced prolonged AMPA receptor phosphorylation. It was noted that w h e n calphostin C (2/aM) was applied 40 rain before and during the 4-min QA application but was not present in the postincubation medium, it produced little attenuation in PC 12P3 IR at 30 min after QA application (slight attenuation only in one slice out of three; data not shown). This possibility indicates that the critical period of PKC activity required for persistent AMPA receptor phosphorylation occurs, at least largely, after QA treatment.
Taken together, these results strongly suggest that mGluRle~ is not involved in the early induction of AMPA receptor phosphorylation even though mGluRlo~ is stimulated by QA. In contrast, an effective blockade of the sustained 12P3 IR in PC dendrites by BAPTA-AM, MCPG, or calphostin C suggests that an intracellular Ca 2 § transient and coactivation of mGluRloL leading to PKC activation with AMPA receptors is required for the maintenance of AMPA receptor phosphorylation.
of 1 ~ BAPTA-AM increases PKC sensitivity to PDA. When the PDA concentration was increased to 0.5 /aM for the 15-min pretreatment prior to AMPA application, it consistently produced persistent 12P3 IR in the primary dendrites as well as their somata (n = 4; Fig. 4b) . Application of another phorbol ester, PDBu, at 0.6 /aM, for 15 min before AMPA application induced substantial 12P3 IR at 30 min (n = 2; Fig. 4c ). In contrast, application of an inactive form of PDA, 4-oL-PDA (0.5 /aM, 15 min), followed by AMPA, did not produce sustained 12P3 IR in the dendrites in the absence of BAPTA-AM (n = 2). Moreover, application of a phorbol ester, 0.5 ~M PDA or 0.6 pm PDBu, alone did not induce 12P3 IR in any cell type in the cerebellum (n = 4; data not shown). These findings indicate that activation of both PKC and AMPA receptors in a Ca2+-dependent manner underlies the late stage of QA-induced AMPA receptor phosphorylation in PC dendrites.
PHORBOL ESTER EFFECT ON PERSISTENT AMPA RECEPTOR PHOSPHORYLATION
For testing for a specific PKC contribution to the sustained PC AMPA receptor phosphorylation, phorbol esters, membrane-permeable activators of PKC, were applied for 15 min prior to AMPA treatment in the presence of 0.5 /aM TTX. In our earlier experiment, 0.2/aM PDA failed to induce persistent phosphorylation of AMPA receptors in the presence of 1 pM BAPTA-AM (Nakazawa et al. 1995a) . In the present experiments, no BAPTA-AM was added for avoidance of possible suppression of Ca2+-dependent phosphorylation. Application of 0.2 /aM PDA followed by 10 /aM AMPA resulted in prominent 12P3 IR at 5 min after AMPA application alone (n = 4; data not shown), similarly to that reported previously (Nakazawa et al. 1995a) . Moreover, very faint 12P3 IR continued to be observed in some PC dendrites as well as their somata even at 30 min after the drug application in all slices tested (n = 4; Fig. 4a ), suggesting that the removal The present results clearly demonstrate that QA application alone is sufficient to induce phosphorylation of PC AMPA receptors that lasts for >1 hr. Our study also provides evidence for the requirement of mGluRla, intracellular Ca 2+ elevation, and PKC activation for QA-induced prolonged AMPA receptor phosphorylation. Previous reports corroborate this evidence as follows: (1) mGluRlo~, which is potently activated by QA and is coupled to diacylglycerol/inositol triphosphate formation, is expressed mainly in cerebellar PCs (Masu et al. 1991; Martin et al. 1992; Shigemoto et al. 1992) . (2) Three PKC family member isoforms are present in PCs. These include the ~/ isoform CKose et al. 1988) , which belongs to the Ca2+-dependent PKC subfamily, and the 8 (Wetsel et al. 1992 ) and e (Merchenthaler et al. 1993) isoforms, belonging to the Ca2+-independent PKC subfamily. (3) Specific AMPA receptor subunits colocalize with mGluR10L in PCs, although these two receptors are spatially segregated in the same anatomically defined synapses (Nusser et al. 1994) . (4) The synthetic peptide-12 containing GIuR2 Ser-696 was in fact efficiently phosphorylated by PKC (Nakazawa et al. 1995b ). (5) Brief AMPA application to cerebellar slices, which does not activate mGluRler elicited transient PC AMPA receptor phosphorylation that persisted for <20 min (Nakazawa et al. 1995a) . Although the precise mechanisms for maintaining the PC AMPA receptor subunit equilibrium between phosphorylation and dephosphorylation remain unclear, QA treatment seems to shift it continuously toward phosphorylation. This equilibrium shift was suggested by our previous observation that extracellular application of the membrane-permeable phosphatase-1 and -2A inhibitor CAA causes persistent PC AMPA receptor phosphorylation (Nakazawa et al. 1995a) . Results appearing in Figure 4 demonstrate that the PKC activators PDA and PDBu prolong the AMPA-induced AMPA receptor phosphorylation and further support the above suggestion. Possibly, persistent activation of PKC or the protein phosphatase inhibitor G-substrate (Detre et al. 1984) is elicited in the cerebellar PCs during PC AMPA receptor phosphorylation.
TWO-STAGE MODEL OF PC DENDRITIC AMPA RECEPTOR PHOSPHORYLATION
In PC dendrites, AMPA receptor phosphorylation represented by expression of 12P3 IR occurs in two stages with different resistances against MCPG and calphostin C. At 5 min after a 4-min QA application, neither MCPG nor calphostin C had any effect on the 12P3 IR level (Fig. 3e,g ), suggesting that mGluRloL or subsequent PKC activation is not required for early-stage AMPA receptor phosphorylation in PC dendrites. In contrast, expression of 12P3 IR at 30 min after QA application was readily abolished by these reagents. These observations are consistent with our previous findings regarding the effects of AMPA application to induce AMPA receptor phosphorylation (Nakazawa et al. 1995a ) and suggest the occurrence of two different processes for AMPA receptor phosphorylation in PC dendrites: one represented by the AMPAqnduced early expression of 12P3 IR, which is presumably triggered by AMPA receptor activation alone, and the other by the late expression of 12P3 IR, which is induced by activation of AMPA receptors in conjunction with mGluR1 a activation, leading to PKC activation as well as Ca 2+ liberation from intracellular stores. This two-stage model is supported by the observations that calphostin C added to the medium only during the preincubation and the QA application period did not significantly inhibit the persistent 12P3 IR in PC dendrites (data not shown) and that complete inhibition of the IR required the presence of calphostin C until fixation (Fig. 3g) . This finding suggests that the induction of long-term AMPA receptor desensitization involves a critical period of PKC activity after induction by QA application and that the kinases involved in early and late stages of PC AMPA receptor phosphorylation may be distinct from each other.
The above two-stage model, however, does not apply to PC somata in which 12P3 IR exhibits a number of differences from that in PC dendrites.
(1) Immediately after a 40-min preincubation in Krebs solution containing 0.5 /aM TTX, PC somata showed faint 12P3 IR, whereas none was detected in the dendrites at the light microscopic level (Fig.  2a) . (2) The AMPA-induced 12P3 IR in PC dendrites is short-lasting but that in PC somata is long-lasting (Nakazawa et al. 1955a) . (3) QA-induced somatic 12P3 IR continued to be expressed even when the late expression of dendritic 12P3 IR had been abolished by treatment with BAPTA-AM, MCPG, or cal-
Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from phostin C (Fig. 3e-g ). (4) Phorbol ester-induced expression of 12P3 IR seemed to be much more enhanced in the PC somata than in the PC dendrites (Fig. 4) , as compared with QA-induced 12P3-IR expression. Apparently, mechanisms of AMPA receptor phosphorylation differ between PC somata and PC dendrites, but the above two-stage model applicable to PC dendritic 12P3 IR will be useful in attempts to relate AMPA receptor phosphorylation to LTD that occurs in PF synapses on dendritic spines.
POTENTIAL ROLES OF TRANSIENT PC AMPA RECEPTOR PHOSPHORYLATION
Because L-glutamate released from PFs as a neurotransmitter activates both the postsynaptic AMPA receptors and mGluRlo~ in PCs (Glaum et al. 1992; Batchelor and Garthwaite 1993) , transient AMPA receptor phosphorylation as represented by the AMPA-induced early expression of 12P3 IR may not occur under physiological conditions. Nevertheless, it should be noted that AMPA receptors can be activated while mGluRloL remains inactive. This is because mGluRloL in PC dendritic spines is preferentially distributed to more peripheral regions of the synaptic buttons of PF terminals than are AMPA receptors (Nusser et al. 1994) . Preferential high-frequency activation of mGluRs has been demonstrated to occur not only in hippocampal pyramidal cells (Bashir et al. 1993; Miles and Poncer 1993) but also in cerebellar PCs (Glaum et al. 1992; Batchelor and Garthwaite 1993) . Fox and Gruol (1993) have also suggested independence of AMPA receptor-and mGluR-mediated PC single unit activity, at least in its initial response to QA application in cultured PCs, although interaction did occur with repeated coactivation. Using electron microscopy, we showed previously that 12P3 IR is associated with the postsynaptic densities (PSDs) of PF terminals but no ~. those of CF terminals (Nakazawa et al. 1995a) , although both the AMPA receptor subunits and mGluRlot are associated with the PSDs of both types of terminals (Baude et al. 1994; Nusser et al. 1994) . These lines of evidence suggest that the transient AMPA receptor phosphorylation is related to a specific event that occurs at PF-PC synapses and that it may play a yet unknown functional role in PF-PC synaptic transmission.
It is possibile that transient PC AMPA receptor phosphorylation is associated with a short-term depression (STD) at PF-PC synapses. Transient (20-30 min) depression of PF-evoked responses was detected in cerebellar slices of rats in which CFs had been lesioned selectively by 3-acetylpyridine (Shibuki and Okada 1991) , and transient reduction of AMPA responsiveness occurs in tissue-cultured PCs (Linden 1995) . However, whether STD occurs in normal tissues is unclear.
EFFECT OF PHORBOL ESTER ON PROLONGATION OF AMPA-INDUCED PC AMPA RECEPTOR PHOSPHORYLATION~ A REAPPRAISAL
In earlier experiments, combined application of 0.2 ~tM PDA and AMPA in the presence of 1 laM BAPTA-AM failed to induce persistent AMPA receptor phosphorylation (Nakazawa et al. 1995a ), although it had been shown previously to induce long-term AMPA receptor desensitization (Ito and Karachot 1990b) . This discrepancy led us to suggest that PKC activated by PDA is not involved in persistent AMPA receptor phosphorylation or that long-term AMPA receptor desensitization requires phosphorylation of PKC-dependent sites other than the one recognized by 12P3 (Nakazawa et al. 1995a) . We have here demonstrated that PDA or PDBu in the absence of BAPTA-AM prolongs the AMPA-induced phosphorylation (Fig. 4) . This is consistent with the fact that induction of persistent AMPA receptor phosphorylation by QA was prevented by a PKC inhibitor. In the light of these findings we now believe that PKC activation is required for induction of persistent phosphorylation of AMPA receptors at these sites as recognized by 12P3. The cause of the discrepancy between this result and our previous observation in the presence of BAPTA-AM remains to be elucidated. It is possible that, in the presence of BAPTA-AM, treatment with a combination of PDA and AMPA, which was sufficient to induce sustained long-term desensitization in previous studies, induced a low level of persistent phosphorylation that was not revealed by the 12P3-immunohistochemical, light microscopic detection method used in these studies. Instead, the stimulation protocol without BAPTA-AM elevated the level of persistent phosphorylation just above the threshold for detection by light microscopy (Fig. 4a) . These findings may imply that an increased intracellular Ca 2+ concentration enhances the phorbol ester effect on persistent phosphorylation of PC AMPA receptors. Actually, it has already been reported that phorbol ester bind-
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LTD, LONG-TERM DESENSITIZATION, AND PERSISTENT AMPA RECEPTOR PHOSPHORYLATION
The stoichiometry of postsynaptic non-NMDA receptor channels may differ between PF and CF synapses because a synthetic analog of the Joro spider toxin was found to block PF but not CF responses in cerebellar slices (Ajima et al. 1991) . However, bath-applied QA would activate most of the AMPA receptors and mGluR10L at the two types of synapses because major PC AMPA receptor subunits, GluR1 and GIuR2/3, and mGluRlo~ are expressed postsynaptically in both of these synapses (Baude et al. 1994; Nusser et al. 1994) . In this context, the QA application to cerebellar slices mimicks conjunctive stimulation of PFs and CFs, which induces LTD. Actually, 4-min QA application to the slices was an effective inducer for long-term desensitization of cerebellar AMPA receptors ([to and Karachot 1990b) , which shares common intracellular metabolic pathways with synaptically induced LTD. This is indicated by the fact that whereas LTD is blocked by the Ca 2+ chelator EGTA (Sakurai 1990) , protein kinase inhibitors (Crepel and Jaillard 1990; Hartell 1994a ), a NO scavenger or a NOS inhibitor (Shibuld and Okada 1991) , and the metabotropic glutamate receptor antagonist MCPG (Hartell 1994b) and is attenuated in mGluR1 gene knockout mice (Aiba et al. 1994; Conquer et al. 1994) , QA-induced long-term desensitization is also blocked by the Ca 2+ chelator BAPTA-AM, protein kinase inhibitors, a NO scavenger, a NOS inhibitor, and pertussis toxin that blocks the effect of metabotropic glutamate receptor activation Oto and Karachot 1990a).
Sustained reduction of AMPA responsiveness induced in tissue-cultured PCs by membrane depolarization together with pulse application of AMPA (Linden and Connor 1991, 1995; Shigemoto et al. 1994 ) is a kind of long-term desensitization, but this sustained reduction of AMPA responsiveness in tissue-cultured PCs is insensitive to a NO scavenger or a NOS inhibitor, each of which blocks the long-term desensitization in cerebellar slices. Nevertheless, it is blocked by PKC inhibitors (Linden and Connor 1991) and by antibodies against mGluR1 receptors , and hence, these seem to share common signal transduction processes. Linden (1995) recently reported that bath application of free unsaturated fatty acids such as oleate and arachidonate, which synergistically induce sustained PKC activation when diacylglycerol and Ca x+ are also present (Nishizuka 1992) , facilitated the conversion of induced STD to long-term desensitization evoked in cultured PCs, suggesting that sustained activation of PKC can result in long-term desensitization.
Long-term desensitization has not been reproduced in isolated AMPA receptor-associated ion channels. A recent report showing that phorbol 12-myristate 13-acetate (PMA) inhibited peak kainate-induced currents persistently in a time-dependent manner in Xenopus oocytes expressing AMPA receptor subtmits (Dildy-Mayfield and Harris 1994) is noteworthy, but caution in interpreting this finding is needed because phorbol esters are difficult to wash out and not completely specific to PKC (Nishizaki and Sumikawa 1995) .
All four of the chemical stimulation protocols for long-term desensitization induction, that is, application of QA alone, application of 8-Br-cGMP (or dibutyryl-cGMP) followed by AMPA, application of CAA followed by AMPA, and application of PDA followed by AMPA, were shown to elicit sustained expression of PC dendritic 12P3 IR (Nakazawa et al. 1995a; this paper) . This result indicates that sustained phosphorylation underlies long-term desensitization of PC dendritic AMPA receptors. The close parallelism demonstrated between LTD, longterm desensitization, and sustained phosphorylation of PC dendritic AMPA receptors accounting for LTD strongly suggests that these are causally related. 
